Intracellular measurements using microelectrodes have revealed steady electronegative potentials across cell boundaries. Injury potentials and, in some cases, spontaneous oscillations with periods similar to those observed extracellularly have also been recorded. The amplitudes of these oscillations reach a maximum in the outer cortical cells of the root's elongating zone.
INTRODUCTION
In an earlier paper in this series (Jenkinson and Scott 1961) a physiological feedback loop of control was proposed to account for certain features of the bioelectric field in plant roots. In terms of this feedback loop it was possible to explain the occasional observation of spontaneous oscillations in the bioelectric currents generated by the root in the external medium (extracellular) and the response of the extracellular potentials to oscillations in the osmotic pressure and ,B-indolylacetic acid (IAA) concentration in the external medium.
In this feedback loop it was proposed that the distribution and concentration of auxin controls the ionic permeability of root tissue which in turn affects the bioelectric currents. The bioelectric currents affect the potentials across cell membranes which in turn cause electrophoretic movement of auxin, thereby controlling its concentration and distribution throughout the tissue. In this paper further evidence has been obtained for the part pla,yed by the membrane potentials in this feedback loop.
The intracellular potentials of living tissue, unlike the extracellular potentials described by Jenkinson and Scott (1961) , do not necessarily require the flow of bioelectric current through the tissue. Membrane potentials, such as those in nerve cells and large algal cells, result in part from diffusion and polarization processes which require no continuous charge transfer across the' cell membranes. The Donnan system in cytoplasm also results in the appearance of electric potentials across the tissue. From a study of the intracellular potentials further knowledge of the processes contributing to the steady extracellular potentials and the production of potential oscillations should be gained. In addition it would be expected that such an investigation might reveal further information regarding the morphological position of the oscillating potential source in the root.
Some large single plant cells such as the algae Nitella and ahara produce action potentials when stimulated (Osterhout 1931 (Osterhout , 1934 (Osterhout , 1936 Oda 1956; Findlay 1959) . Oscillatory potentials, particularly of sinusoidal form, however, are seldom observed in single plant cells whilst they can be quite marked in plant cell aggregates. This is similar to the situation in neural tissue in which the characteristic response of single nerve cells is the impulsive action potential and not sustained potential oscillations. However, aggregates of nerve cells, interconnected by synaptic junctions, frequently exhibit spontaneous potential oscillations, the alpha rhythm of the brain being a typical example. It is considered that action potential responses in single nerve cells and spontaneous oscillatory potential behaviour in aggregates of neurones are intimately related phenomena (Eccles 1953) . Hence the demonstration of action potentials and their possible transmission from one cell to another could be most important in elucidating the origin of potential oscillations in plants.
In the present paper, the responses of the intracellular potentials to sudden changes and oscillations in osmotic pressure and IAA concentration have been studied. The results of these experiments have added further evidence in favour of the physiological feedback oscillator model discussed by Jenkinson and Scott (1961) .
II. EXPERIMENTAL METHODS
The plant under investigation was placed horizontally on a "Perspex" mount with a suitable channel cut in it to allow the bathing solution to flow over and along the plant root (Fig. 1) . To facilitate the mounting of the root, most of the cotyledon material was usually removed, leaving only the plant root lying along the channel with the growing stem and the remainder of the cotyledons above water. This treatment was found not to affect either the extracellular or the intracellular potentials in any way.
Oscillations in osmotic pressure and IAA concentration were applied to the plant root by means of the methods described previously, the liquid from the syphon tubes being fed to the "Perspex" mount on which the plant rested (Jenkinson and Scott 1961) .
In some series of experiments it was required to change the constitution of the plant root's bathing solution very rapidly. Again, since the solution supply rate was 20 c.c./min and the volume of the plant root container only 1 c.c. (for either intracellular or extracellular measurements), this operation could be accomplished after about one-twentieth of a minute. In some of the intracellular experiments it was desirable to reduce this time constant still further. Consequently, in such experiments, the channel length was reduced and the flow rate of the solution was increased so that the change could be accomplished in less than a second. In most experiments, however, this was unnecessary.
The bathing solution flowed away from the plant via a distant reference electrode as shown in Figure 1 . In this way the saturated KCI solution in the calomel half-cell (the distant potential reference) was prevented from mixing with the required bathing solution applied to the plant.
In some experiments the intracellular potentials were measured with respect to the distant electrode, while in others, the potential was measured between the microelectrode inserted in the tissue and another microelectrode placed close to the surface of the root but still in the bathing solution near where the probe insertion was made. In the latter, only the potential across the tissue (i.e. the transverse tissue potential) was measured. The intracellular potential, measured with respect to a distant reference, is the sum of the transverse tissue potential and the extracellular potential at the point on the surface where the microelectrode was inserted.
It was found that the potential pattern around the root was the same regardless of whether the plant was mounted vertically (as for purely extracellular potential measurements) or horizontally (as for intracellular potential measurements). Hence it was decided that the results of experiments using the two techniques are comparable. Intracellular potentials were measured by means of micro electrodes made with "Pyrex" glass tubing as described by Walker (1955) . The tip diameters varied from 3 to 10 p.,. Experiments using microelectrodes thicker than 5 p., were invariably checked using ones finer than 5 p.,. In general, the results were found to be in agreement.
Potassium chloride solution was used to fill the microelectrodes, the concentrations used being 0 ·1, 0·3, 1, and 3M. The results obtained at the different concentrations were found to be in agreement. Concentrations of 0 ·3 and 1M were used in most experiments.
The distant indifferent reference electrode (a calomel half-cell) has already been described. The microelectrodes were connected to calomel half-cells alsQ containing saturated KCl solution.
The potential to be measured was fed to the input terminals of a "Vibron" electrometer, the output of which was either read directly from the meter on the front panel of the instrument or fed to a single-channel Evershed and Vignoles recording milliammeter. The full-scale deflection of this recorder was 1 mAo
The response time of the "Vibron" electrometer was less than 0·1 sec, while that of the Evershed and Vignoles recording milliammeter was about 1 sec. A chart speed of 6 in/hr was used in most experiments.
In some experiments in which very rapid changes in potential were measured, another Evershed and Vignoles recorder, having a response time of less than 0·1 sec, was used. A chart speed of 0 ·5 in/sec was used for this recorder.
III. RESULTS

(a) Microelectrode Insertion, Injury Potentials, and Spontaneous Variations
As a microelectrode is being inserted in the plant root tissue it is possible to determine when the probe tip passes from one cell to the next because of the considerable mechanical force required to drive the tip through the tough cell walls. By referring to Figure 1 it is seen that the plant root is secured to the mount only at the basal end and is free to move, by bending, along the rest of its length. As a probe is progressively inserted through the root tissue it is found that the probe tip enters the tissue in a succession of jumps, each jump occurring as the probe tip pierces a cell wall and so enters a new cell. In between these jumps the plant root bends slightly in the direction of the force applied by the probe tip being pushed against a cell wall before piercing it. Further, the potential recorded by the probe changes abruptly when each successive cell is entered. While the probe tip is inside a particular cell the potential is not dependent on the position of the probe tip within that cell. This is illustrated in Figure 2 (a) which shows the variations of the intracellular potential recorded as a probe was driven radially through the root tissue at a constant rate. In this case the plant root was supported from the side opposite to that in which the probe was inserted. In this way no movement of the root occurred. It is seen that as the probe passes from one cell to another the potential decreases rapidly, then remains at a steady value for that cell. Further, the potential change from cell to cell is greatest at the surface of the root and diminishes progressively through the tissue, the potential eventually remaining at a constant value irrespective of the position inside the root tissue.
When the intracellular potential is plotted against the distance inside the root tissue, the potential pattern is, of course, very similar to that in Figure 2 (a) . This is true and is independent of the morphological region of the root involved, whether meristematic, elongating, or mature.
Since the intracellular potentials are negative at all regions of the plant root, they cannot be caused entirely by electric currents passing through the root tissue. For if this were so it would be necessary for a continuous current to pass from the bathing medium into all parts of the root which would result in negative extracellular potentials at all regions round the plant root with respect to a distant indifferent reference electrode. This is known to be untrue, the bioelectric potentials observed in the plant's bathing medium being produced by currents passing out from one region of the plant and returning at another (Scott, McAulay, and Jeyes 1955) : the potential differences from cell to cell must be partly of a static type such as diffusion or Donnan potentials. There must, of course, be a further potential component of an ohmic type caused by a current flowing through the tissue out into the bathing solution and returning to the root at some other region.
After a microelectrode has been inserted in the root tissue, the recorded potential varies in a characteristic manner for a few minutes. This is shown in Figures 2(b) and 2(c). As the probe is inserted the potential suddenly becomes negative. OUTSID~ 20 P-
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Potential-time course recorded as a probe was driven radially through the root tissue at a constant rate, the plant root being supported so that no bending occurred; (b), (0) characteristic potential variations which occur when a probe is inserted in a plant root cell; (d) spontaneous intracellular potential variations observed in an epidermal cell.
Then after the insertion is completed the potential continues to decrease (i.e. becomes more negative) for about a minute until it reaches a maximum negative value. The magnitude of the potential then declines (i.e. the potential becomes less negative)
for some 5 or 10 min. It then attains a steady value which remains unaltered for several hours, except for slow fluctuation about the mean. The decline in magnitude of the potential from the maximum negative value soon after insertion is usually less than 50% of the potential of that cell with respect to its nearest outer neighbouring cell. This effect is essentially the same irrespective of whether the potential recorded is the transverse tissue potential or the intracellular potential with respect to a distant reference. This potential activity after probe insertion has not been found to depend on the concentration of KCI inside the probe nor on the diameter of the probe tip. This suggests that it is not caused by diffusion of KCI from the probe tip into the cell but merely results from the stimulus or injury occasioned by probe insertion. Consequently this potential variation could be termed an injury potential.
Occasionally spontaneous potential activity similar in form to the injury potentials is observed. This is shown in Figure 2 (d) . In this case it is seen repeatedly that the potential suddenly becomes more negative and then recovers at a slower rate, though the recovery may be only partial before the next negative-going spike occurs. This type of potential activity is similar to the inhibitory post-synaptic potentials in nerve cells. It is, however, quite different from the action potentials observed in large algal cells which resemble the excitatory potentials in nerve cells.
Attempts were made to evoke action potentials in bean root cells by applying depolarizing and hyperpolarizing pulses of electric current. In some experiments a double-barrelled microelectrode was inserted in a cortical cell and stimulating current pulses were applied from one side of the double microelectrode. In other experiments the pulses were applied to a cell distant from that in which the potential was recorded. The potential responses are not purely ohmic, some capacitive effects occur but there is no "action" component in the response.
In the comparatively infrequent instances of spontaneous oscillations in potential occurring in the bathing solution adjacent to a plant root, oscillations also appear within the root tissue. The amplitude of the oscillations reaches a maximum in the elongating region about 5 mm from the root tip and at a depth of between 50 and 100 fL. This suggests that the bioelectric oscillator is situated in the outer cortex of the elongating region of the root.
(b) Potential Variat'ions Evoked by Sudden Changes in Osrnot'ic Press'ure and Auxin Concentration
When the osmotic pressure of the bathing solution surrounding the plant root is suddenly changed, there are two distinct components in the resulting variation of the plant's intracellular potentials. The first is a rapid change to a new steady level of potential. Following this effect, the time course of which is only a matter of seconds, there is a much slower variation in potential lasting for several minutes. This slow component often exhibits damped oscillations of period similar to the spontaneous type. The extracellular potential does not show the rapid component, only a slow variation similar to that for the intracellular potential appears. potential becomes more negative. The potential then reaches a new steady value, the time constant involved being only about 3-5 sec. When the osmotic pressure is decreased the potential returns to its original value again with a time constant of 3-5Isec.
This effect is readily explained in terms of the following general considerations. The salt concentration inside plant cells is relatively strong compared with the bathing medium outside (1O-4 M KCI). This difference in ionic concentration results in the negative potential of the plant cell's interior. If the osmotic pressure of the bathing medium be increased, water is extruded from the cell, so increasing the salt concentration of its interior. This then leads to an increase in the electronegativity of the cell's interior with respect to the outside.
In Figure 3 it is seen that the potential changes, caused by osmotic pressure changes, decrease with depth in the tissue. Further, the onset of the potential change appears to be delayed as the depth in the tissue increases. However, even at a depth of 100 fL the potential change occurs quickly, with very little time delay (time constant of 3-5 sec) before attaining a new steady value.
As well as these rapid intracellular potential changes evoked by sudden osmotic pressure changes, there are the slow variations which last for several minutes rather than seconds. This is shown in Figure 4 (a). After the initial rapid change in potential, a further variation occurs in which irregular, damped oscillations frequently appear. This slow variation tends to oppose the initial sudden change and eventually, after several minutes, the potential returns to a value closer to that before the osmotic pressure change occurred. This suggests that there is some process which controls the potential at a certain value. These slow potential variations are comparable in magnitude to the rapid initial change. The distribution of their magnitudes throughout the tissue follows the same pattern as that for the rapid changes. That is, the magnitudes are largely independent of position along the length of the root but decrease with depth in the cortex.
The extracellular potential response to a sudden change in the osmotic pressure of the bathing solution shows no rapid change as for the intracellular potentials but the slow variation with damped oscillations still appears. Since the extracellular potentials are caused purely by the flow of bioelectric current through the resistive load of the bathing solution, it seems reasonable to associate the rapid component with the non-ohmic component of the potentials across the plant tissue and the slow component with the ohmic potentials maintained by bioelectric currents both inside and outside the root.
When the concentration of IAA in the root's bathing solution is suddenly changed, there is no rapid change in either the intracellular or the extracellular potentials. However, there are slow variations similar to those for osmotic pressure changes, again often exhibiting damped oscillations (Fig. 4(b) ). These variations again occur at all positions along the root, but the oscillations are often mory marked at the elongating region between 3 and 5 mm from the root tip.
(c) Intracellular Potential Response to Applied Oscillations in Osmotic Pressure and Auxin Ooncentration
The intracellular potential responses to applied oscillations in osmotic pressure have been determined as a function of the position of the probe in the root tissue. 
lO!)
Figures 5(a) and 5(b) show the potential response at varying depths in the tissue situated at 5 mm from the root tip. In Figure 5 (a), lower three traces, the intracellular potentials were recorded with respect to a probe close to the surface of the root, but still in the bathing solution, near where the measuring probe was inserted, i.e. these potentials are the transverse tissue potentials. The top trace in Figure 5(a) , however, was recorded extracellularly with respect to a distant reference electrode. In Figure 5 measured with respect to a distant reference electrode. The oscillations in extracellular potential are substantially in phase, the potential lagging the osmotic pressure by about 90°. However, the oscillations of the transverse tissue potentials lag the osmotic pressure oscillations by 180°. That is, the magnitude of the transverse tissue potential maximizes at the same time as the osmotic pressure. This is in agreement with the results obtained for sudden changes in osmotic pressure. Further, this phase relation is largely independent of depth in the tissue. The phase response of the intracellular potentials, recorded with respect to a distant reference electrode (Fig. 5(b) , lower two traces) is different from that of the transverse tissue potentials and is more like the phase of the extracellular potentials. This is to be expected since the intracellular potential with respect to a distant reference electrode is the sum of the appropriate transverse tissue potential and the extracellular potential. It is found that for all applied periods, the amplitude of the response reaches a maximum at a depth between 50 and 100 fL' i.e. the outer cortex, in the elongating region of the root. This is identical with the position of maximum amplitude of the spontaneous oscillations (Section I1I(a) ). . Almost all the results reported by Jenkinson and Scott (1961) regarding resonance at the plant's natural period and the position of the actively resonant region, apply equally well to intracellular potential oscillations evoked by applied oscillations in osmotic pressure and IAA concentration. This is true for both the transverse tissue potentials and the intracellular potentials recorded with respect to a distant reference electrode.
Figures 6(a) and 6(b) show the amplitude and phase of the responses for the transverse tissue potentials to oscillations in osmotic pressure of varying applied period. Results for two typical plants are shown, one of the resonant type and the other showing no apparent resonance. In both plants the potentials were measured at 5 mm from the root tip and at a depth of 50 /1-. The potentials were measured with respect to a probe placed close to the surface of the root near where the microelectrode insertion was made.
These phase relations are typical of transverse tissue potentials evoked by osmotic pressure oscillations, the potential being substantially in antiphase with the osmotic pressure irrespective of the applied period of oscillation. The phase angle does not change with the applied period as it did for the extracellular potentials. This is to be expected since it was found that the delay between a sudden change in osmotic pressure and that in the intracellular potential is only a few seconds (Section III(b)), the potential becoming more negative as the osmotic pressure is increased. Since this time delay is negligible compared with the applied periods of oscillation, the potential would be expected to reach a maximum negative value when the osmotic pressure maximizes, i.e. the transverse tissue potential oscillation would be in antiphase with the osmotic pressure oscillation.
In contrast to the corresponding osmotic pressure effects, the intracellular potential response to applied oscillations in IAA concentration is the same as that for the extracellular potential response (Jenkinson and Scott 1961) . The change in phase by 180 0 as the applied period is varied from short to long through the resonance and the rapid phase change with period near the resonance are again the main features.
IV. DISOUSSION The results described yield considerable support for the physiological feedback loop suggested by Jenkinson and Scott (1961) . Apart from the injury potentials and the spontaneous impulsive potential activity described in Section III (a) which is of very infrequent occurrence, there appears to be no evidence of action potential phenomena in bean root cells (Section III(d) ). This suggests that the mechanism of the oscillatory potentials is not related to impulsive potential activity as in nerve cells (Arvanitaki 1943; Hodgkin and Huxley 1952; Eccles 1953) .
In Section III(b) it was found that the intracellular potentials are invariably electronegative with respect to the root's bathing solution and consequently cannot be caused entirely by the ohmic potential drop due to current passing through the cell membranes. Thus there must be two components in the steady transverse tissue potentials: one of a static type such as a diffusion or Donnan potential not resulting from current flow; the other being an ohmic potential due to the resistive potential drop of current flowing across the plant tissue and through the bathing solution (Scott, McAulay, and Jeyes 1955; Scott 1957) .
Consequently it is not surprising that there are two different responses to variations in osmotic pressure. A sudden change in osmotic pressure causes a rapid change in the intracellular potentials (both transverse tissue potential and the intracellular potential with respect to a distant reference) but not in the extracellular potential. This fast component may be attributed to the non-ohmic potential component across the cell membranes. The slow, damped, oscillatory variation in both the extracellular and intracellular potentials caused by sudden changes in osmotic pressure or IAA concentration (Section III(e)), is attributed to the ohmic potential component both inside and outside the tissue. It is this slow, ohmic potential component which is "fed back" to oppose and correct the initial rapid change in the membrane potential (and therefore in the transverse tissue potential).
These responses are in complete agreement with the physiological feedback loop postulated by Jenkinson and Scott (1961) . The effect of the change in osmotic pressure on the non-ohmic cell potentials is very rapid, the time delays involved being only a few seconds. Jenkinson and Scott (1961) showed that such time delays are negligible in a feedback loop producing oscillations of period about 5 min. The delays in a loop contributing to such an oscillatory period would necessarily be of the order of minutes rather than seconds.
The fast component in the intracellular potentials caused by osmotic pressure changes is to be expected because of the high permeability of plant cell membranes to water (Dainty and Hope 1959) . This high permeability of water is evidenced also by the fact that plasmolysis, which is caused by the efflux of water from a cell, occurs within seconds of the cell's bathing solution reaching an osmotic pressure greater than that of the cell sap.
When the water content of a cell is changed the ionic concentration of its interior changes also. This in turn affects the potential across the cell membrane separating the interior of the cell from the outside. It is the sum of these membrane potentials across the tissue which determines the transverse tissue potentials (Tazawa and Nishizaki 1956) .
In Section HI(e) it was found that the transverse tissue potential remains substantially in antiphase with the applied oscillation in osmotic pressure independent of its period. This is to be expected since the delay between a change in osmotic pressure and that in the intracellular potential is negligible compared with periods of the applied oscillations in osmotic pressure, the potential becoming more negative as the osmotic pressure is increased. Consequently the potential reaches a maximum negative v;alue when the osmotic pressure maximizes, i.e. the transverse tissue potential and the osmotic pressure oscillations are in antiphase.
It was found that there is a change of 180 0 in the phase of the oscillations of the transverse tissue potential in response to applied oscillations in IAA concentration as the period is varied from short to long through the resonance. This is the same as for the extracellular potential response (Jenkinson and Scott 1961) . This similarity is to be expected since, in the proposed feedback loop, the number of delays between the auxin variable and either the extracellular potentials (Jenkinson and Scott 1961) or the membrane potentials is the same, viz. two delays.
It was found that the maximum amplitude of both spontaneous and forced potential oscillations occurs in the outer cortex of the root's elongating region. This provides further support for including an auxin as a variable in the proposed feedback loop, since the elongating region is known to be most sensitive to auxin. Further, it is to be expected that the maximum amplitude of potential oscillations should occur in the region where the steady membrane potentials are greatest, since this is the region where the maximum electrophoretic transport of auxin would occur.
This investigation into the mechanism of bioelectric potential oscillations has yielded strong support for the concept of a feedback oscillator located in the outer cortical cells of the root's elongating zone. This morphological region would be the site of interaction of the variables: membrane potential, auxin concentration, ionic permeability of membranes, and ionic fluxes. These fluxes constitute bioelectric currents which produce ohmic potential differences both intracellularly and extracellularly.
This negative feedback system appears to act as a control mechanism maintaining the physiological and morphological function of the growing root. However, the potential oscillations may well be largely independent (physiologically and anatomically) of the main steady bioelectric potential which apparently results from unequal ionic fluxes in different regions of the root.
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